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A dark-field transmission electron microscope technique was applied
to a coliection of submicron sized metal crystallites prepared by in-situ
physical vapor',de_eosition onto an amorphous carbon substrate in a
vacuum of 2 x(10 , torr in order to determine the melting behavior of
individual crysta\l'lees.‘ It was found that each particle meited suddenly at
a single temperature .which decreased with decreasing size. No liquid
sheath was observed!at any time. The melting temperature seemed to _
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decrease nearly linearly with increasing surface curvature. Flat platelets
with a near zero surface curvature but a significant surface to volume
ratio showed no noticible size dependence of melting temperature.
Oxidation of the particles raised their melting temperature as did
embedding the particles in an amorphous carbon matrix. A simple
thermodynamic model can account for all of the above observed effects. _
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FORWARD

The research work here is largely experimental and required a
lengthy construction time for equipment. The specimen area of the
Departmental Siemens Elmiskop 1A electron microscope was replaced by a
differentially pumped ultra high vacuum chamber capable of in-situ
deposition of fine particles whose individual melting temperatures can be
measured. The characterization of the melting behavior of unalloyed
metal particles was determined as a function of particle shape, size, and
degree of oxidation. The effect of embedding particles in an inert
matrix was also determined. These results were interpreted by develop-
ing a thermodynamic model.

The research work presented here is viewed as a coherent body of
knowledge acquired in one laboratory through the use of one technique.
Because of this uniformity of technique, one has eliminated the uncer-
tainty which arises during a comparison of data from different labora-
tories in which diverse experimental approaches have beenh employed.
The application of a single approach to the study of several materials
and the effects of several variables allows one to construct more mean-
ingful conclusions about the melting behavior of finely dispersed metal

particles.
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STATEMENT OF THE PROBLEM STUDIED

There are a number of processes which rely on the high tempera-
ture performance and characteristics of small particles. Among the
impertant ones are sintering, powder metallurgy, catalysts, and rapid
solidification processing. The melting behavior of finely dispersed
particles is important to all of these areas of research as well as being
of fundamental interest.

In order to understand the melting mechanisms, several important
questions were raised and answered to various extents by the research
sponsored by ARO from June 1, 1977 through December 31, 1980. The
goals of the investigation were to determine:

1. whether the size-dependent meiting of an individual particle

occurs at a fived temperature or over a temperature range.

2. whether melting of small particles proceeds by a thickening of

a surface layer of liquid as the temperature of the particle is
increased.

3. the relative slopes of the reduced temperature versus inverse

radius plots for various metals.

4. the influence of particle shape and its concomitant surface to

volume ratio on melting temperature.

5. the influence of oxidation on the melting behavior.

6. whether there are limiting sizes or temperatures to the size-

dependent melting temperature.

7. how the melting of an isolated particle diffe*s from that of’a

nearly continuous film.

8. the effect of embedding isolated particles in an inert matrix.
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9. whether a thermodynamic model can account for the observed

behavior.

In order to conduct an investigation into the melting behavior of
small particles, an ultra high vacuum chamber was constructed for use
on a Siemens 1A transmission electron microscope. The particles were
prepared in this chamber by physical vapor deposition onto an amor-
phous carbon substrate. The individual microcrystals whose diameters
ranged between 3nm and 300nm were heated in a radiation cavity of
known temperature and observed by dark-field electron microscopy.
Sequences of dark-field micrographs with increasing temperature for a
given specimen area provide the data necessary to achieve the goals of
the research. The metals studied include tin, lead, indium and bis-
muth, with preliminary results from aluminum being inconclusive, and

lt hence omitted from this report.
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SUMMARY OF THE MOST IMPORTANT RESULTS

The following conclusions may be drawn from the results obtained

by studying the melting behavior of tin, bismuth, indium and lead by a

common dark-field transmission electron microscopy technique applied to

individual microcrystals prepared by in-situ physical vapor deposition

onto an amorphous carbon substrate in a vacuum of 2 X 10'7 torr.

These results were obtained by the students mentioned in the personnel

section.

1.

The melting temperature of individual microcrystals was not
found to occur over a temperature range, but rather each
particle suddenly melted at a single temperature.

Observations failed to reveal the presence of a liqud sheath
surrounding a solid core. The resolution of the technique is
near lnm and hence a liquid sheath of that thickness or less
could be present yet undetected. This result negates the
model of a slowly thickening liquid sheath with increasing
temperature. It is consistent with the sudden and rapid
propagation of a solid-liquid interface across a particle.

The melting temperature Tm of isolated microcrystals depends
on size and shape, i.e. surface curvature, in a regular way
with a nearly linear relationship being found between Tm and
inverse radius for the diameter range 20nm and greater. The
results for the four metals studied are plotted in figure 1 as
reduced temperature ’I‘m/T0 where ’I’o is the bulk melting
temperature. The lines are least squares fit to the data and

have slopes for Tm/T0 versus inverse particle radius of

-0.903nm (freshly deposited tin), -0.317nm (previously meited
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tin), -0.667nm (bismuth), -0.552nm (indium), -0.557nm

(lead).

Melting temperature data obtained from flat platelets show that
they do not exhibit a size dependent melting temperature over
a range of surface to volume ratio which changes by a factor
of 3. Particles whose shape was nearly spherical, with the
same surface to volume ratio as the platelets, exhibited a size
dependent melting temperature. All of the data on this shape
effect lie near the bulk melting temperature where precision
becomes important, and hence it should be confirmed over a
wider range of platelet sizes. The data suggest that surface
curvature is more important than surface to volume ratio in
determining the size dependent melting temperature. The
practical wvalue tentatively suggested by this result is that
platelet particles appear to melt at higher temperatures than
equiaxed microcrystals. Powders in the form of platelels with
a high surface to volume ratio may have good high tempera-
ture stability as compared to that for equivalent surface to
volume ratio equiaxed microcrystals.

The effect of oxidation on the melting point of isclated micro-
crystals has been directly studied for the case of tin micro-
crystals.  Purposeful oxidation of the liquid particle shows
that melting of the oxidized solid occurs at a higher tempera-
ture than the unoxidized solid. The data of figure 1 for
previously melted tin particles primarily shows this effect of

oxidation. In this case the oxide which formed was SnO

rather than the Sn3()/1

or SnO, found in bulk systems at the
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same temperature. The coexistence of the metal and oxide in
a single particle did not prevent the whole particle from
melting at a fixed temperature.

In the case of lead there was found a deviation from the
nearly linear relation between melling temperature and inverse
radius. The small lead particles ¢f radius below 10nm showed
a steepening slope, suggesting that there is no lower limit to
the melting temperature for the range of sizes studied, i.e.
down to a diameter of about 10nm. The other metals were not
investigated in the small size range of lead and showed no
lower limit to the melting temperature.

Nearly continuous films were observed to thicken before
melting. Isolated particles did not change their shape before
melting. This result suggests that thin films should thicken
and then melt at essentially the bulk melting temperature.
Isolated particles of 0.lpm diameter and above melted at
essentially the bulk melting temperature. The thickening
phenomenon of thin films suggests that care must be exer-
cised in using morphological information to determine whether
or not the solid has melted.

Isolated microcrystals of tin were embedded in an amorphous
carbon matrix and found to have a melting point clevation
consistent with the lowering of the surface free energy of the
tin and the wvolume expansion constraint placed on the tin
particles during melting. These two effects could be sep-
arated from one another by measuring the change in slope

and the change in melting temperature extrapolated to bulk

sizes.




The melting temperature increase caused by the volume con-
straints was found to be about 10°C. This effect could also
be present for the case of solid-solid transformations.

A simple thermodynamic model was used to account for the
effect of size and the presence of a matrix on melting temp-
erature. The model is a spherical particle surrounded by a
spherical shell of matrix. The melting temperature is found
by equating the free energy of the system when the particle
is entirely solid to that when it is entirely liquid. The

simplified result is

_ 3 - -
Tm/T0 =1 - i [(0S 02) AE

where
Ty = melting temperautre of the particle
To = bulk melting temperature
r = radius of the particle
[. = latent heat per unit volume
Oy,0y = surface free energy per unit area for the
solid and liquid respectively
6u (8,2 - 6.2)
AF = 2 s
2{v/(1 + v) + '] + 4u/3x
with
¢ = shear modulus of the shell
v = poisson's ratio of the shell
k = bulk modulus of the particle
6y.6, = radius misfit of the liquid and solid particle
respectively
= 2e + (r + )3

2[(r + )% - 9]

t = shell thickness
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BIBLIOGRAPHY AND BACKGROUND LITERATURE |

Experimental Literature
The first evidence for melting of small metal specimens below the

bulk melting temperature was reported from electron diffraction camera

1,2

data obtained from thin films. '’ Further electron diffraction data in

support of the early work were obtained for specimens of tin3, silver,

copper, aluminum, germanium4, gold5'6, indium7_9, lead8’9, and bis-

T T

muthg. The transmission electron microscope was directly applied to 3

collections of crystallites by employing selected area diffraction tech- ‘

10—14. In addition to electron diffraction information, morpho-

15-17

niques

—— ———

logical changes have been used to detect melting Only one in-
vestigator has measured melting temperature of small particles individ-
ually through the application of a dark-field technique applied to lead
and tin!'®, This technique, however, was not applied to in-situ de-
posits and hence represents data from oxidized specimens. All of the ‘
above investigations agree qualitatively with one another in showing a
decrease in melting temperature with decreasing particle size; however,
they differ in slope and magnitude of the Tm versus 1/r plots and are !
influenced to various extents by the methods employed. A comparison

of the various techniques has been madelg.

Theoretical Literature
The first theorctical treatment of premature melting was a thermo-

dynamic development in 1909 by Pawlow“O whose work has been dis-
1,22

to -

cussed later as a three phase equilibrium The next thermody-

. 23
namic model was put forward by Hanszen whose development was

8,10,15,18

employed by others to analyze their experimental data A

difficulty with the application of the model was a choice of the liquid

11 5




sheath thickness. It was later shown that the liquid sheath thickness
was not an independent variablezz. Melting of small particles is cur-

rently viewed as a surface driven nucleation pr‘ocesszz'24.

Recently a
clarification of the role of surface stress in premature melting has been
made by Cahn25. The effect of a surrounding shell on the melting
temperature of small particles has also been considered26'27.

Theoretical treatments of premature melting other than thermody-
namic ones have also been presented28'3l. These later theories are
based on lattice vibration considerations of surface phonon softening on

melting.
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